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ACSEL collaboration network�

Astrophysical Collisionless Shock Experiments with Lasers �



The goal of this project is to understand magnetic 
field generated in relation to shock waves �
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• At	  the	  largest	  scale,	  the	  Universe	  in	  
ubiquitously	  magne7zed	  from	  clusters	  (a	  
few	  μG)	  to	  filaments	  (a	  few	  nG)	  and	  voids	  
(~0.1	  fG)	  

• Magne7za7on	  at	  cosmological	  scales	  
remains	  unknown	  (primordial	  fluctua7ons,	  
rela7vis7c	  self-‐genera7on,	  turbulent	  
dynamo,	  vor7city,	  plasma	  instabili7es	  and	  
return	  current	  of	  cosmic	  rays	  have	  been	  
proposed)	  

Magnetic fields are ubiquitous in 
astrophysical environments 

There is a correlation between shock 
waves and magnetic field generation 
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B-field vectors and optical image 
(Hubble) of M51 �

• Shock	  waves	  are	  believed	  to	  be	  sites	  for	  
comic	  ray	  accelera7on	  

• CR	  accelera7on	  requires	  magne7c	  field	  
amplifica7on	  shocks	  
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Studying cosmic objects in a laboratory�

è 	  Equa)ons	  of	  ideal	  MHD	  have	  no	  intrinsic	  scales,	  hence	  self-‐similar	  

è 	  This	  requires	  that	  par)cle	  localiza)on,	  Reynolds	  number,	  Peclet	  number,	  magne)c	  Reynolds	  
number	  are	  all	  large	  in	  both	  the	  astrophysical	  and	  laboratory	  systems	  

è 	  Provides	  a	  detailed	  shock	  and	  plasma	  diagnos)cs	  in	  condi)ons	  unachievable	  in	  numerical	  
simula)ons	  (e.g.,	  extended	  spa)al	  and	  temporal	  scales,	  well	  beyond	  the	  linear	  regime)	  

è 	  Scaling	  to	  microphysics	  not	  granted,	  but	  we	  can	  control	  the	  rela)ve	  parameters	  (eg,	  collision	  
)mes	  vs	  growth	  )mes	  of	  plasma	  instabili)es)	  

SN1006	  

Credit:	  X-‐ray:	  NASA/CXC/Rutgers/
G.Cassam-‐Chenaï,	  J.Hughes	  et	  al.	  

Blue:	  x-‐ray	  
Yellow:	  op)cal	  
Red:	  radio	  

Hansen	  et	  al.	  2005	  

Laser	  experiment	  

Studying cosmic objects 
in a chamber

• Eq of ideal HD have no intrinsic scales, hence self-similar solutions. Require 
negligible viscous, conduction, and radiation terms.

• Note: scaling of microphysics not granted, but we can control the relevant 
parameters, e.g. collision-less conditions, etc. 
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In ACSEL we have taken a multi-platform approach �

Ques7on:	  what	  produces	  the	  ini7al	  magne7c	  seeds?	  

o Experiments	  at	  LULI	  have	  demonstrated	  for	  the	  first	  )me	  
genera)on	  of	  cosmological	  seeds	  in	  the	  lab	  

Ques7on:	  which	  is	  the	  underlying	  mechanism	  for	  collisionless	  
shock	  genera7on	  

o Experiments	  at	  Gekko	  have	  shown	  collisionless	  
electrosta)c	  shocks	  

	  

Ques7on:	  How	  to	  create	  electromagne7c	  collisionles	  shocks?	  

o Experiments	  at	  Omega/EP	  are	  used	  to	  develop	  a	  plaaorm	  
for	  electromagne)c	  (Weibel	  mediated)	  collisionless	  shocks	  

	  

On	  NIF	  we	  will	  achieve	  collisionless	  shock	  condi7ons	  and	  study	  
CR	  accelera7on	  

o Analy)cal	  and	  numerical	  tools	  are	  under	  development	  
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MHD simulations indicates that accretion shocks 
during structure formation generates magnetic fields �

➔ 	  Cosmological	  simula)ons	  show	  curved	  intergalac)c	  shocks	  with	  radii	  ~1	  Mpc	  
and	  magne)c	  field	  ~10-‐21	  G	  
➔ 	  We	  have	  conducted	  a	  laboratory	  experiment	  to	  verify	  this	  process	  
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FIG. 3.ÈMagnetic ⇠eld strength contours of a slice with a thickness of 2
h~1 Mpc (or 8 cells) at z \ 2. The contour lines with magnetic ⇠eld
strength higher than 8 ] 10~23 G are shown with levels 8 ] 10~23 ] 10k
and k \ 0, 0.1, 0.2, . . . , 2. The upper panel shows the whole region of
32 ] 32 h~1 Mpc, while the lower panel shows the magni⇠ed region of
10 ] 10 h~1 Mpc.

prising since the equation for the evolution of [x/1 ] s is
identical to that for except for dissipativexcyc \ eB/mH c,
terms.

By taking the curl of the equation of motion in the form

L¿
Lt

[ ¿ Â ($ Â ¿) ] 1
2

+¿2 \ [ +p
o ] l+2¿ , (6)

where l is the kinematic viscosity, one gets

Lx

Lt
\ $ Â (¿ Â x) [ +p ] +o

o2 ] l+2x . (7)

Now we see, on comparing withequation (7) equation (4),
that if dissipative processes are ignored (conditions well
satis⇠ed except during the later stages of the simulation),
and if we assume that both and x are initially zero,xcyc

then we should have

xcyc \ [ x

(1 ] s)
, (8)

a remarkable result.
It must be appreciated that the +p ] +o term is zero until

some pressure is generated, since usually p is very small
initially in the simulation. The generation of p happens gen-
erally in shocks where viscosity is certainly important. It
can be argued that the jump in and [x/(1 ] s) acrossxcyca shock should be equal since, if we could treat equation (7)
as valid through the shock, the integral of l+2x is probably
small. Thus, and x satisfy essentially the same equationxcyceven in the shock.

A check of the above relation is presented in Figure 4.
The magnitudes of these two quantities are displayed on a
logarithmic scale. Each point represents the two quantities
in each cell. The magnitudes in one among eight neighbor-
ing cells were plotted. Here was used again. If theh \ 12relation in holds exactly, all these points shouldequation (8)
lie on the line of unit slope. The deviation for small values is
presumably due to the di†erent dissipation rates that are
not taken into account in the derivation of this relation. At
larger values, the correlation is much better, as is to be
expected. The rough agreement of and x/(1 ] s) atxcycleast for larger values tends to support the relation in
equation (8).

Eventually, viscosity does become important, and x

tends to saturate in mean square average. However, since
the twisting of the magnetic ⇠eld by the term$ Â (¿ Â B)
persists, one expects that B will continue to grow. This fact
is supported by G. K. BatchellorÏs discussion in his early
paper Thus, it is indeed surprising that B(Batchellor 1950).
seems to saturate at the same time and with the same ampli-
tude as x does. Is it a coincidence that numerical resistivity
becomes important at the same time that viscosity does?

FIG. 4.ÈMagnitude of x/(1 ] s) plotted against that of on axcyclogarithmic scale. Each point represents the values in each cell. One among
eight neighboring cells were plotted. The predicted relation is the 45¡
straight line. The correlation is quite good for the larger values.

Kulsrud, ApJ 1997 

Magnetic field strength!

10-21 G!

MHD simulation of proto-galactic shock structures �
Miniati (2003) �

Mpc	  h-‐1	  	  

cm-‐3	  	  



Self generation of magnetic field observed in a 
laser plasma experiment at LULI �
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➔ 	  Target	  chamber	  filled	  with	  helium	  gas	  (p~0.1-‐10	  mbar)	  

➔ 	  Laser	  beams	  onto	  a	  carbon	  rod	  

➔ 	  Explosion	  of	  the	  sample	  drives	  a	  Sedov-‐Taylor	  blast	  wave	  into	  the	  ambient	  gas	  

➔ 	  Suite	  of	  plasma	  diagnos)cs	  used	  to	  validate	  rad-‐hydro	  simula)ons	  	  

➔ 	  Induc)on	  coils	  measure	  B-‐field	  as	  shock	  reaches	  their	  posi)on	  

shock	  
contact	  
discon)nuity	  
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Field generation mechanisms �

– Return Currents"
• At I = 2 x 1014 Wcm-2 would expect Thot = 5 keV"
• Arrival time at induction coils on order of a few ns"

– Weibel Instability"
• Shock sees current from weakly ionized plasma ahead 

of shock"
• Measured magnetic field is larger by factor ~100 "

– Biermann battery at laser spot"
• Large magnetic field near target"
• Field is frozen-in and transported during expansion"
• Shots with/without ambient gas indicate its contribution 

at induction coil position is very small"

– Biermann battery at shocks!
• Non spherical shock generates vorticity!
• Vorticity drives magnetic field generation!
• Gives field in the range 10-30 G!



Our initial results have stimulated 2D 
simulations using the FLASH code to 

study effect of radiation in Ar gas 
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We have performed 2D Hydro and MHD simulation to 
confirm Biermann effect by curved shocks �

With	  	  
radia)on	  

Without	  
radia)on	  

Ar	  
P	  =	  0.5	  mbar	  
t	  =	  100	  ns	  	  

2D resistive MHD simulations uses 1D 
rad-hydro output as initial condition to 

calculate self-generation of B field 
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We have scaled the experiment to the IGM �

➔ 	  Since	  the	  magne)c	  field	  is	  determined	  by	  vor)city,	  B	  ~	  1/t	  
➔ 	  The	  inferred	  magne)c	  field	  in	  the	  IGM	  is	  B≈10-‐21	  G	  
➔ 	  Confirms	  previous	  numerical	  es7mates	  for	  seed	  fields	   Poster	  by	  C.	  Murphy	  

Laboratory	  
t	  ~	  1	  µs	  
L	  ~	  20	  	  cm	  	  

IGM	  
t	  ~	  0.7	  Gyr	  
L	  ~	  1	  	  Mpc	  
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What next? �

➔ 	  Cosmological	  seed	  fields	  (10-‐21	  G)	  from	  Biermann	  bahery	  are	  considerably	  
smaller	  than	  present-‐day	  astronomical	  observa)ons	  (~1	  µG	  in	  galaxy	  clusters)	  
➔ 	  Two	  possible	  op7ons	  (among	  others):	  

o 	  The	  ini7al	  seed	  is	  amplified	  by	  dynamo	  or	  turbulence	  
o 	  Plasma	  instabili7es	  can	  drive	  stronger	  fields	  (Weibel)	  	  

Ryu	  et	  al.,	  Science	  (2008)	  

Weibel mediated density 
filaments 

Color represents the 
density 

PIC simulation by A. Spitkovsky 
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NIF is the only facility that can address the problem 
of the large scale magnetization of the Universe �

NIF	  chamber	  filled	  
with	  He	  gas	  

We	  have	  started	  detailed	  planning	  for	  the	  
NIF	  experimental	  configura7on	  

Diagnos7cs	  requirements	  (so	  far	  main	  
experimental	  limita7on)	  

Counter	  streaming	  
plasma	  flow	  

200	  kJ	  to	  800	  kJ	  laser	  energies	  
with	  5-‐20	  ns	  pulse	  width	  	  

TURBULENT	  AMPLIFICATION	   Essen7al	  Diagnos7cs:	  
	  
Induc7on	  probes	  (on	  DIM)	  
Op7cal	  self-‐emission	  diagnos7cs	  
Electron	  spectrometer	  

	  Important	  Diagnos7cs:	  
	  
Thomson	  sca^ering	  
Shadowgraphy/Interferometry	  
Proton	  radiography	  

Valuable	  Diagnos7cs:	  
	  
Faraday	  rota7on	  (using	  THz	  laser)	  

WEIBEL	  INSTABILITY	  
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Understanding turbulent amplification requires very 
large (magnetic) Reynolds number �

➔ 	  Propaga)on	  of	  shocks	  in	  inhomogeneous	  mediums	  drives	  vor)city	  and	  then	  turbulence	  
➔ 	  Due	  to	  stretching	  of	  flux	  tubes,	  frozen-‐in	  field	  can	  be	  amplified	  

o  Spa)al	  and	  temporal	  scales	  are	  difficult	  to	  es)mate	  from	  numerical	  simula)ons	  
o  Frozen-‐in	  condi)on	  requires	  Rm	  to	  be	  large	  

➔ 	  Experiments	  at	  small-‐scale	  laser	  facili)es	  (LULI	  /	  Vulcan	  /	  Titan)	  to	  test	  these	  concepts,	  
but	  Rm	  large	  not	  sa)sfied	  

Hydro	  simula7on	  of	  shock	  
wave	  through	  a	  grid	  using	  
the	  FLASH	  code	  

d
dt


B
ρ

⎛
⎝⎜

⎞
⎠⎟
=

B
ρ
⋅∇u

Poster	  by	  J.	  Meinecke	  
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Weibel instability mediates collisionless shock 
formation�

Astrophys Space Sci (2007) 307:245–250 247

gets stronger, and their free streaming across the field lines
is suppressed. The typical curvature scale for the deflections
is the Larmor radius,

ρL = v⊥B/ωc,s, (6)

where v⊥B is the particle velocity transverse to the direc-
tion of the local magnetic field and ωc,s = eB/msc is the cy-
clotron (Larmor) frequency of species s. On scales larger than
ρL , particles can only move along field lines. Hence, when
the growing magnetic fields become such that kBρL ∼ 1, the
particles are magnetically trapped and can no longer amplify
the field. Assuming an isotropic particle distribution at satu-
ration (v⊥B ∼ vsh), this condition can be re-written as

εB = B2/8π

msnsv
2
sh/2

# A2. (7)

For strong shocks (M $ 1, A ∼ 1), this corresponds to the
magnetic energy density close to equipartition with the ther-
mal energy of particles downstream the shock. Here again,
we evaluated the field in a non-relativistic shock.

Weibel instability has been modeled in numerical PIC 2D
and 3D simulations by our group Silva et al. (2003) as well
as by several other research groups (Frederiksen et al., 2004;
Nishikawa et al., 2003; Saito and Sakai, 2004; Kazimura
et al., 1998). We examined the instability, which occurs in
a collision of two inter-penetrating unmagnetized electron-
positron clouds with zero net charge. This is the simplest
model for the formation region of a shock front, as well as a
classic scenario unstable to electromagnetic and/or electro-
static plasma instabilities.

The relativistic electromagnetic 3D PIC code OSIRIS
(Fonseca et al., 2002) was used. The simulations were per-
formed in a simulation cube of size 256 × 256 × 100 grid
points, ten grid points correspond to one plasma skin depth
c/ωp,e. We had more than 108 particles in the simulation
box. Periodic boundary conditions were imposed. The initial
state is spatially homogeneous with two identical groups of
particles moving with some velocity ±vz . The particles in
both groups have a small thermal velocity vth # vz/6. The
system has no net charge and no net current, and initially the
electric and magnetic fields are set to zero.

The results of the simulations are shown in Figs. 2 and 3.
Figure 2 shows the temporal evolution of the magnetic
equipartition parameter εB . In Fig. 3 the three-dimensional
structure of the magnetic fields and currents are shown at
two different times: (a) during linear regime, at t # 13ω−1

p,e,
and (b) just after the saturation, at t # 20ω−1

p,e. The left
panels show the structure of magnetic field lines and the
right panels show the number density of particles (blue
are moving downward, red are moving upward). We see
that during the linear stage of the instability (ωp,et ! 15)

Fig. 2 The temporal evolution of the magnetic field energy density
normalized by the initial kinetic energy of the particles

Fig. 3 The 3D structure of the magnetic fields and currents from
the simulations at two different times: (a) during linear regime, at
t # 13ω−1

p,e, and (b) just after the saturation, at t # 20ω−1
p,e. The left

panels show the structure of magnetic field lines and the right panels
show the number density of particles (blue are moving downward, red
are moving upward). The units of axes x1, x2, x3 are c/ωpe

there is exponential generation of a magnetic field, which
predominantly lies in the plane of the shock (x − y-plane),
i.e., perpendicular to the direction of motion of the plasma
clouds. The produced magnetic field is highly inhomoge-
neous, with the characteristic correlation scale comparable
to the plasma skin depth length c/ωp,e. It is also seen that the
magnetic field generation is associated with the separation
of the particle streams in spatially distinct regions and the
formation of straight current filaments.

Saturation of the instability occurs at time t ∼ 15ω−1
p,e,

which is indicated by the peak of εB in Fig. 2. At this moment,
most of the particles are randomized over the pitch angle by
the Lorentz deflections. Thus the PDF anisotropy, which is

Springer

Medvedev,	  Astrophys.	  Space	  Sci.	  (2007)	  

➔ 	  PIC	  simula)ons	  indicates	  that	  Weibel	  
instability	  generates	  B	  fields	  on	  a	  fast	  
)me-‐scale,	  but	  on	  microscopic	  spa)al-‐
scales	  (~c/ωpi~108	  cm	  =	  3x10-‐11	  pc)	  

➔ 	  Satura)on	  levels	  are	  shown	  in	  the	  
range	  of	  ~0.1	  µG	  (compa)ble	  with	  
astronomical	  observa)ons)	  

➔ 	  It	  remains	  unclear	  how	  such	  small	  
spa)al	  scales	  can	  evolve	  into	  structures	  
on	  Mpc	  scale	  

➔ 	  ONLY	  EXPERIMENTS	  CAN	  TEST	  THIS	  

Bweibel ≈ µ0nemevshock
2

Chang	  et	  al.	  (2008)	  

Shock	  front	  



15	  15	  

An experimental platform has been developed 
at Omega to study collisionless shocks �

Mean-‐free-‐path:	  λmfp	  ~	  40	  LY	  
Diameter	  of	  SNR:	  30	  LY	  
(Cassam et al., ApJ 680, 1180, 2008) 

Shock	  width	  :	  1x1015m	  ~	  0.1	  LY	  	  
(i.e.	  ~1/400 λmfp)	  
(Bamba et al., ApJ, 589, 827, 2003) 

X-‐ray	  Image	  of	  SN1006,	  exploded	  1003	  
years	  ago	  

Shock 
width 

n	  =	  1	  cm-‐3	  

T	  =	  15	  keV	  

The conditions for generating a 
collisionless shock in the lab require: 

*	  <<	  	  int	  <<	  λmfp	  

int "

L 

Experimental configuration Observations 

10149 

Measuring electric & magnetic fields using protons 
for characterizing laser-driven collisionless shocks

Abstract Images of single & counterstreaming plasmas flowsHigh power laser experiments can study collisionless 
shock relevant micro-physics in the laboratory

We collected very interesting proton radiography data

We are also studying how collisionless shocks form 
under pre-existing magnetic field conditions

Proton imaging = point projection + field deflection

Caustics caused by natural focusing of soft objects

Proton imaging of soft spherical electrostatic fields

Summary of our findings

Path for future investigation in 2012 & beyond

Simulated proton image (turbulent field Ansatz)

Turbulent field structures predicted by 3D PIC sims

Comparison of our model with experimental data

We use lasers to model astrophysical plasma flows 

Magnetic fields are a mechanism and a legacy

Collisionless shock formation parameters
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We present progress in the use of proton imaging to study electric 
and magnetic fields that are relevant for collisionless shock forma-
tion in experiments at the OMEGA & OMEGA EP laser facilities. 
Collisionless shocks are important for understanding cosmic mag-
netic field generation and ultra high-energy cosmic ray acceleration.

Early turbulence and striations self-organize horizontally with time.

7 MeV proton imaging at 5 ns shows a dramatic difference (joint shot)

Flow turns into magnetic energy

3D PIC simulation
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Shock
front
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Collisionless shock formation Cosmic magnetization

A. Spitkovsky 2005, 2009

Origin of ubiquitous magneti-
zation unknown. Collisionless 
shocks might be responsible. 
(Neronov, Science, 2010)

B-field + optical Hubble 
image of M51. (Fletcher, 
MNRAS, 2011)

5.2 ns 

0.5 ns 2.2 ns 

3.7 ns 

Striations 

CH2 Plasma

CH2 Plasma

Turbulent potential; 
BRMS = 40 T

Gaussian-colored turbulence
Proton motion was traced using the LSP (PIC) code in 3D. We see that 
soft turbulent objects generate sharp caustics in the proton image.

Turbulent fields are a signature of collisionless shock formation. Possibly 
due to electromagnetic (Weibel) or electrostatic (two-stream) instabilities.

Proton image with causticsDivergent 10 MeV
proton beam

Two each of the following:
a) 351 nm 3 ns laser, 2200 J

100 ȝm spot, 9 x 1015 W/cm2

b) Plasma ablation source
2 mm diameter CH2 plastic
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• Study late-time evolution
• Vary target composition (CH2, pure C)
• Try two different materials for strong B-field from current drive

D. D. Ryutov et al, Phys. Plasmas 18, 104504 (2011)
• Create fully formed collisionless shocks with the NIF laser 

(contingent on diagnostic availability)

• We have seen very interesting proton images of plasma flows
• Even a single plasma flow is complicated
• We might have observed the signatures of collisionless shock 

formation (turbulent fields and filamentation)
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“Studying astrophysical collisionless shocks with high-power laser experiments”
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Measuring electric & magnetic fields using protons 
for characterizing laser-driven collisionless shocks

Abstract Images of single & counterstreaming plasmas flowsHigh power laser experiments can study collisionless 
shock relevant micro-physics in the laboratory

We collected very interesting proton radiography data

We are also studying how collisionless shocks form 
under pre-existing magnetic field conditions

Proton imaging = point projection + field deflection

Caustics caused by natural focusing of soft objects

Proton imaging of soft spherical electrostatic fields

Summary of our findings

Path for future investigation in 2012 & beyond

Simulated proton image (turbulent field Ansatz)

Turbulent field structures predicted by 3D PIC sims

Comparison of our model with experimental data

We use lasers to model astrophysical plasma flows 

Magnetic fields are a mechanism and a legacy

Collisionless shock formation parameters
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We present progress in the use of proton imaging to study electric 
and magnetic fields that are relevant for collisionless shock forma-
tion in experiments at the OMEGA & OMEGA EP laser facilities. 
Collisionless shocks are important for understanding cosmic mag-
netic field generation and ultra high-energy cosmic ray acceleration.

Early turbulence and striations self-organize horizontally with time.

7 MeV proton imaging at 5 ns shows a dramatic difference (joint shot)
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Collisionless shock formation Cosmic magnetization

A. Spitkovsky 2005, 2009

Origin of ubiquitous magneti-
zation unknown. Collisionless 
shocks might be responsible. 
(Neronov, Science, 2010)

B-field + optical Hubble 
image of M51. (Fletcher, 
MNRAS, 2011)
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BRMS = 40 T

Gaussian-colored turbulence
Proton motion was traced using the LSP (PIC) code in 3D. We see that 
soft turbulent objects generate sharp caustics in the proton image.

Turbulent fields are a signature of collisionless shock formation. Possibly 
due to electromagnetic (Weibel) or electrostatic (two-stream) instabilities.
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proton beam

Two each of the following:
a) 351 nm 3 ns laser, 2200 J

100 ȝm spot, 9 x 1015 W/cm2

b) Plasma ablation source
2 mm diameter CH2 plastic

c) 1053 nm 10 ps laser, 250 J
40 ȝm spot, 2 x 1018 W/cm2

d) Proton source
50 ȝm thick Au disk

e) Proton source shields
3 ȝm thick Al foil on an Al
washer (2.7 mm ID)

OMEGA joint shot (similar
to the EP experiment)

f) 20 x 351 nm 1 ns laser, t
5000 J per target (10 kJ total)
300 ȝm spot, 7 x 1015 W/cm2

g) 1053 nm 10 ps laser, 850 J
40 ȝm spot, 7 x 1018 W/cm2

h) Thomson scattering beam* 
i) MIFEDS Helmholtz coil
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• Study late-time evolution
• Vary target composition (CH2, pure C)
• Try two different materials for strong B-field from current drive

D. D. Ryutov et al, Phys. Plasmas 18, 104504 (2011)
• Create fully formed collisionless shocks with the NIF laser 

(contingent on diagnostic availability)

• We have seen very interesting proton images of plasma flows
• Even a single plasma flow is complicated
• We might have observed the signatures of collisionless shock 

formation (turbulent fields and filamentation)
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*See invited talk TI3 (J. S. Ross) on Thursday, 12:00 PM, Ballroom AC: 
“Studying astrophysical collisionless shocks with high-power laser experiments”
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Thomson scattering in single and double foils 
experiment used to assess feasibility�
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Electrostatic collisionless shock are possible on 
smaller scale facilities (Omega/Gekko) �

Gekko experiments have provided 
the first confirmation of an 

electrostatic collisionless shock 

We have estimated the regime 
where collisionless shock 
formation may be possible 
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The spatial scale of the magnetic field is 
measured by proton radiography�
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Measuring electric & magnetic fields using protons 
for characterizing laser-driven collisionless shocks

Abstract Images of single & counterstreaming plasmas flowsHigh power laser experiments can study collisionless 
shock relevant micro-physics in the laboratory

We collected very interesting proton radiography data

We are also studying how collisionless shocks form 
under pre-existing magnetic field conditions

Proton imaging = point projection + field deflection

Caustics caused by natural focusing of soft objects

Proton imaging of soft spherical electrostatic fields

Summary of our findings

Path for future investigation in 2012 & beyond

Simulated proton image (turbulent field Ansatz)

Turbulent field structures predicted by 3D PIC sims

Comparison of our model with experimental data

We use lasers to model astrophysical plasma flows 

Magnetic fields are a mechanism and a legacy

Collisionless shock formation parameters
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We present progress in the use of proton imaging to study electric 
and magnetic fields that are relevant for collisionless shock forma-
tion in experiments at the OMEGA & OMEGA EP laser facilities. 
Collisionless shocks are important for understanding cosmic mag-
netic field generation and ultra high-energy cosmic ray acceleration.

Early turbulence and striations self-organize horizontally with time.

7 MeV proton imaging at 5 ns shows a dramatic difference (joint shot)
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Collisionless shock formation Cosmic magnetization

A. Spitkovsky 2005, 2009

Origin of ubiquitous magneti-
zation unknown. Collisionless 
shocks might be responsible. 
(Neronov, Science, 2010)

B-field + optical Hubble 
image of M51. (Fletcher, 
MNRAS, 2011)
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Turbulent potential; 
BRMS = 40 T

Gaussian-colored turbulence
Proton motion was traced using the LSP (PIC) code in 3D. We see that 
soft turbulent objects generate sharp caustics in the proton image.

Turbulent fields are a signature of collisionless shock formation. Possibly 
due to electromagnetic (Weibel) or electrostatic (two-stream) instabilities.

Proton image with causticsDivergent 10 MeV
proton beam

Two each of the following:
a) 351 nm 3 ns laser, 2200 J

100 ȝm spot, 9 x 1015 W/cm2

b) Plasma ablation source
2 mm diameter CH2 plastic

c) 1053 nm 10 ps laser, 250 J
40 ȝm spot, 2 x 1018 W/cm2

d) Proton source
50 ȝm thick Au disk

e) Proton source shields
3 ȝm thick Al foil on an Al
washer (2.7 mm ID)

OMEGA joint shot (similar
to the EP experiment)

f) 20 x 351 nm 1 ns laser, t
5000 J per target (10 kJ total)
300 ȝm spot, 7 x 1015 W/cm2

g) 1053 nm 10 ps laser, 850 J
40 ȝm spot, 7 x 1018 W/cm2

h) Thomson scattering beam* 
i) MIFEDS Helmholtz coil

a

b

c

d e

• Study late-time evolution
• Vary target composition (CH2, pure C)
• Try two different materials for strong B-field from current drive

D. D. Ryutov et al, Phys. Plasmas 18, 104504 (2011)
• Create fully formed collisionless shocks with the NIF laser 

(contingent on diagnostic availability)

• We have seen very interesting proton images of plasma flows
• Even a single plasma flow is complicated
• We might have observed the signatures of collisionless shock 

formation (turbulent fields and filamentation)
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*See invited talk TI3 (J. S. Ross) on Thursday, 12:00 PM, Ballroom AC: 
“Studying astrophysical collisionless shocks with high-power laser experiments”
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Measuring electric & magnetic fields using protons 
for characterizing laser-driven collisionless shocks

Abstract Images of single & counterstreaming plasmas flowsHigh power laser experiments can study collisionless 
shock relevant micro-physics in the laboratory

We collected very interesting proton radiography data

We are also studying how collisionless shocks form 
under pre-existing magnetic field conditions

Proton imaging = point projection + field deflection

Caustics caused by natural focusing of soft objects

Proton imaging of soft spherical electrostatic fields

Summary of our findings

Path for future investigation in 2012 & beyond

Simulated proton image (turbulent field Ansatz)

Turbulent field structures predicted by 3D PIC sims

Comparison of our model with experimental data

We use lasers to model astrophysical plasma flows 

Magnetic fields are a mechanism and a legacy

Collisionless shock formation parameters
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We present progress in the use of proton imaging to study electric 
and magnetic fields that are relevant for collisionless shock forma-
tion in experiments at the OMEGA & OMEGA EP laser facilities. 
Collisionless shocks are important for understanding cosmic mag-
netic field generation and ultra high-energy cosmic ray acceleration.

Early turbulence and striations self-organize horizontally with time.
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Collisionless shock formation Cosmic magnetization

A. Spitkovsky 2005, 2009

Origin of ubiquitous magneti-
zation unknown. Collisionless 
shocks might be responsible. 
(Neronov, Science, 2010)

B-field + optical Hubble 
image of M51. (Fletcher, 
MNRAS, 2011)
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Turbulent potential; 
BRMS = 40 T

Gaussian-colored turbulence
Proton motion was traced using the LSP (PIC) code in 3D. We see that 
soft turbulent objects generate sharp caustics in the proton image.

Turbulent fields are a signature of collisionless shock formation. Possibly 
due to electromagnetic (Weibel) or electrostatic (two-stream) instabilities.
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proton beam

Two each of the following:
a) 351 nm 3 ns laser, 2200 J

100 ȝm spot, 9 x 1015 W/cm2

b) Plasma ablation source
2 mm diameter CH2 plastic

c) 1053 nm 10 ps laser, 250 J
40 ȝm spot, 2 x 1018 W/cm2

d) Proton source
50 ȝm thick Au disk

e) Proton source shields
3 ȝm thick Al foil on an Al
washer (2.7 mm ID)

OMEGA joint shot (similar
to the EP experiment)

f) 20 x 351 nm 1 ns laser, t
5000 J per target (10 kJ total)
300 ȝm spot, 7 x 1015 W/cm2

g) 1053 nm 10 ps laser, 850 J
40 ȝm spot, 7 x 1018 W/cm2

h) Thomson scattering beam* 
i) MIFEDS Helmholtz coil

a

b

c

d e

• Study late-time evolution
• Vary target composition (CH2, pure C)
• Try two different materials for strong B-field from current drive

D. D. Ryutov et al, Phys. Plasmas 18, 104504 (2011)
• Create fully formed collisionless shocks with the NIF laser 

(contingent on diagnostic availability)

• We have seen very interesting proton images of plasma flows
• Even a single plasma flow is complicated
• We might have observed the signatures of collisionless shock 

formation (turbulent fields and filamentation)

B = a

(x,y)
a = (x, y) ẑ

Protons

J.F Nye, “Natural Focusing and Fine Structure of Light: Caustics and Wave Dislocations,” IoP Press, 1999

7.0 MeV protons  

Lineout 
Ɛint =
8 mm

Ɛint =
8 mmƐint

SN 1006 (NASA) Shocks & filaments Laser produced plasmas

Universe Micro-physics OMEGA & EP expts.

D. Ryutov, 2010; Cassam et al, ApJ 680 1180 (2008); Bamba et al, ApJ 589, 827 (2003)
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Synthetic proton images can be gener-
ated by using the Jacobian determinant 
constructed from the deflections Ơ.

Initially gentle modulations can de-
velop into large amplitude variation.

Observed in water ripples, gravitational 
lensing, and proton images of plasma.
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Tristan-MP code, A. Spitkovsky.

Counterstreaming H plasmas:
vflow = 108 cm/s 
ni    = 1018 cm-3

  

Electric field is predicted to 
dominate proton imaging. 
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*See invited talk TI3 (J. S. Ross) on Thursday, 12:00 PM, Ballroom AC: 
“Studying astrophysical collisionless shocks with high-power laser experiments”
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➔ 	  RCF	  images	  shows	  that	  early	  turbulence	  and	  stria)ons	  self-‐organize	  in	  )me	  
➔ 	  In	  the	  Omega	  experiments,	  electric	  field	  are	  likely	  to	  dominate	  proton	  imaging	  
➔ 	  Tool	  to	  be	  implemented	  on	  NIF	  to	  study	  coherence	  scale	  of	  magne)c	  fields	  
➔ 	  In	  addi)on	  to	  proton	  diagnos)cs,	  we	  are	  also	  considering	  spectral	  polarimetry	  

Poster	  by	  N.	  Kugland	  



Ra7o	  of	  Weibel	  growth	  rate	  to	  	  
magne7c	  field	  diffusion	  rate,	  	  
propor7onal	  to	  ReM	  	  

Drake	  &	  Gregori,	  ApJ	  (accepted)	  

• Need relative V > 2,000 km/s to get 
strong Weibel growth  

• Need near-planar interacting flows to 
keep density up 

• One needs Te ~ keV to keep ReM high 
enough to limit field dissipation  

• Beware of other competing field-
amplification mechanisms 

• Supported by CRASH rad-hydro 
simulations of the Omega experiment 

• Only NIF can match all of these 
requirements at once  

Calculations led by Michigan have assessed 
Weibel properties �

NIF	  
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Comic ray acceleration requires B field amplification 
at shocks �

Protheroe	  &	  Clay	  2004	  

➔ 	  1st	  order	  Fermi	  accelera)on	  is	  an	  accepted	  model	  for	  cosmic	  ray	  
accelera)on	  at	  shocks	  
➔ 	  It	  depends	  on	  the	  stochas)c	  proper)es	  of	  the	  magne)c	  field	  
➔ 	  Satellites	  measurements	  on	  the	  Earth	  termina)on	  shock	  indicate	  a	  
much	  more	  complex	  dynamics	  
➔ 	  Never	  observed	  in	  laboratory	  experiments	  

SN	  1987A	   SN	  1680	  

Cygnus	  loop	  
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At NIF we will be able to study cosmic ray acceleration�

Requirements for Shock Acceleration at laser
driven shocks at the National Ignition Facility

B. Reville, A. R. Bell, G. Gregori & ACSEL collaboration

Astrophysical shock waves are typically associated with non-thermal energetic particle spectra. It is generally accepted

that these particles are accelerated via the diffusive shock acceleration mechanism. This theory has been remarkably

successful in explaining observations, both of in situ measurements, and of the non-thermal radiation signatures from

more distant objects. Despite considerable theoretical advances in our understanding of this process, terrestrial exper-

iments have yet to exhibit shock acceleration in controlled laboratory conditions. We outline some of the necessary

requirements for realising shock acceleration in laser produced expanding shocks. The National Ignition Facility can in

principle achieve the necessary parameters required for making a clear detection of shock acceleration in the laboratory.

Why shock acceleration?

Diffusive shock acceleration is widely believed to be responsible for
accelerating the most energetic particles in the universe, cosmic-rays
?. However, our knowledge of several details of this mechanism is
far from complete. This can largely be attributed to the difficulty
in making in-situ measurements. Most data is currently provided by
satellite measurements at interplanetary shocks. The ability to insti-
gate shock acceleration in the laboratory could dramatically increase
our understanding of complex plasma physics processes occurring in
such environments, something which currently relies heavily on input
from numerical simulations.

The right shock parameters

The shock is launched by firing a solid target in a gas filled chamber,
as done for example in Gregori et al. (2012). In designing an experi-
ment to study shock acceleration, the main objective is to achieve an
unambiguous detection of shock accelerated particles. Since particle
acceleration is limited by the maximum potential, the largest kinetic
energy a particle can be accelerated to is

εmax ∼ e|B|(ush/c)Rsh ∼ 100

(

B

104 G

)(

ush
108cm/s

)(

Rsh

10cm

)

keV

This maximum energy is achieved through multiple shock crossing,
such as that shown in Figure 1. A large separation between the max-
imum energy and typical thermal energies increases the likelihood of
detection. Another crucial parameter is the acceleration timescale,
which depends strongly on the details of the scattering. We focus on
perpendicular shocks, since the acceleration is considerably faster (e.g.
Bell, 2009). At velocities on the order of 108cm/s, the time taken by
the ablated plasma to form a shock may be crucial. For this reason,
diagnostics of the shock evolution are vital.

E = −u   Bup
x

upup

udown

Bup
B   =rB

down up

uup

Upstream Downstream

Shock E
down

Figure 1: Shock drift acceleration:
A particle moves towards the shock
due to E × B drift. The magnetic
field is out of the page and the shock
is approximated by an infinitely thin
discontinuity. As the particle (in this
case an electron) crosses the shock, it
samples the stronger magnetic field in
the downstream, causing the radius of
curvature to decrease (grad B drift).
By sampling both sides of the shock,
with different radius of curvature on
each side, the net effect is to increase
the electron’s energy. (Note an ion
would drift in the opposite direction
along the shock, thus also gaining en-
ergy)

Some constraints

1. Shock velocity: the higher the shock velocity, the larger the thermal
energy downstream

Ti ≈ 8
( ush
108 cm s−1

)2
keV

An external source of electrons above this energy is required.

2.Magnetic field: the shock must remain super-Alfvénic

( n

1015cm−3

)

(

ush
108cm/s

)2( B

104G

)−2

% 0.1

3. System size: there must be sufficient energy in the laser pulse to
maintain a large shock velocity:

4π

3
R3

shρextu
2
sh ∼ ηElaser

For a complete list of constraints that should be satisfied for astro-
physically relevant experiments see Drake (2000).

Figure 2: Schlieren image of exploding target, with shock
formation. Experiment was performed at LULI November
2011

Apparatus and Diagnostics

It is possible that for collisionless shock con-
ditions, background thermal particles will be
injected into the non-thermal acceleration pro-
cess. Given the limited time scales for shock
generation and expansion, this can not be re-
lied upon, and we propose to use an exter-
nal source of electrons with sufficient energy
to cross the shock potential. This can be eas-
ily achieved by irradiating a separate target
to generate fast electrons. Given the num-
ber of uncertainties, this will require a certain
amount of fine tuning. Numerical simulations
will be performed to optimize the location and
timing for this fast electron source.

Discussion

Our objective is to generate astrophysically rel-
evant conditions in the laboratory, with the
goal of achieving reproducable shock acceler-
ation experiments. This will require detailed
studies of magnetized shocks at high power
laser facilities, and detailed diagnostics. Cur-
rent generation laser facilities can in principle
provide the necessary conditions. This will
open a range of possibilities for performing lab-
oratory experiments of enormous astrophysical
significance, shedding light on the origin of cos-
mic rays.
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Emax ~ evsBL ~ 100 keV

➔ 	  Expanding	  shocks	  in	  ambient	  
magne)c	  field	  (B0~100	  kG)	  

➔ 	  Max	  energy	  gain	  

➔ 	  This	  will	  possible	  due	  to	  the	  large	  
scale	  (10	  cm	  radius)	  and	  
unprecedented	  energy	  (~500	  kJ)	  
required	  to	  drive	  the	  shock	  

An	  experimental	  verifica1on	  of	  cosmic	  ray	  accelera1on	  process	  would	  significantly	  improve	  
our	  understanding	  of	  the	  upper	  limits	  of	  the	  accelera1on	  process	  and	  perhaps	  shed	  lights	  on	  
the	  genera1on	  of	  ultra	  high	  energy	  cosmic	  rays	  	  

Poster	  by	  B.	  Reville	  
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By using a range of small-scale laser facilities we are 
now ready to tackle the full problem on NIF�

Ques7on:	  what	  produces	  the	  ubiquitous	  magne7za7on	  of	  the	  
universe?	  

o NIF	  experiments	  will	  test	  if	  )ny	  magne)c	  seed	  can	  be	  
amplified	  by	  turbulent	  stretching	  

o This	  will	  prove	  whether	  or	  not	  dynamo	  processes	  can	  
explain	  present	  day	  magne)za)on	  in	  clusters	  of	  galaxies	  

Ques7on:	  does	  Weibel	  instability	  play	  a	  role	  in	  the	  genera7on	  
of	  large	  scale	  fields?	  	  

o NIF	  will	  be	  able	  to	  access	  regimes	  where	  shocks	  are	  
mediated	  by	  the	  Weibel	  instability	  (collisionless	  shocks)	  

o Experiments	  will	  test	  if	  magne)c	  fields	  of	  sufficient	  
strength	  can	  evolve	  on	  spa)al	  scales	  much	  larger	  than	  the	  
ion	  skin	  depth	  

Ques7on:	  can	  we	  measure	  the	  spectrum	  of	  shock	  accelerated	  
par7cles	  and	  validate	  current	  theore7cal	  models?	  

o For	  the	  first	  )me	  NIF	  will	  be	  able	  to	  access	  regimes	  where	  
CR	  accelera)on	  is	  significant	  

Magne7c	  field	  
mediated	  shock	  
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